The circadian clock is a biological timing system that improves the inherent ability of organisms to deal with environmental fluctuations. It is regulated by daily alternations of light but can also be affected by temperature. Fish, as ectothermic, have an increased dependence on the environmental temperature and thus are good models to study the integration of temperature within the circadian system. Here, we studied four species of freshwater fish of Squalius genus, distributed across a latitudinal gradient in Portugal with variable conditions of light and temperature. We identified and characterised the expected sixteen genes belonging to four main gene families (Cryptochromes, Period, CLOCK and BMAL) involved in the circadian system. We conducted phylogenetic analysis and tested these genes for the presence of signatures of selection based on dN/dS that revealed the presence of mutations under positive selection in nine genes. Furthermore, we analysed functional features of the proteins and found that these mutations alter protein isoelectric point and aliphatic index. Additionally, in 50% of the genes we found a pattern of convergence uncovered by the phylogenetic clustering of S. aradensis and S. pyrenaicus from Almargem, which inhabit basins with similar environmental conditions. Although this clustering can be explained by incomplete lineage sorting, evidence of positive selection in one gene in the two species and similar functional features in seven proteins are consistent with convergence at protein level. Our results highlight the importance of integrating sequence-based functional protein characterisation with dN/dS-based methods when studying the molecular adaptation of species.
INTRODUCTION
Organisms are exposed to daily environmental fluctuations in their natural habitats. To overcome them, organisms developed biological timing systems to optimize their physiological and biochemical processes in space and time (Foulkes et al. 2016 ). These systems work as internal clocks and require a proper synchronization with environmental signals that specify the actual time of the day. Thus, understanding the molecular evolution of the genes involved in the circadian system provide important clues to elucidate how species adapt to their environments.
The circadian system is a universal biological timing system found virtually in all organisms (Paranjpe and Sharma 2005) . Circadian system is synchronised by light-dark cycle of a day's period and present oscillations with a period of ~24h called circadian rhythms. Oscillations are generated and regulated at molecular level, but the outcomes have been shown to influence several aspects of physiology, behaviour and ecology of organisms (Paranjpe and Sharma 2005; Vaze and Sharma 2013) . In fact, circadian rhythms, when properly entrained by light, have been proved to improve the inherent aptitude of several organisms to survive under changing environments by aiding them to efficiently anticipate periodic events, specifically light changes and climate seasons (Paranjpe and Sharma 2005;  Vaze and Sharma 2013). The molecular circadian system consists of a network of signalling transduction pathways regulated mainly by interconnected transcription-translation feedback loops (supplementary fig. S1) (Dunlap 1999; Pando and Sassone-Corsi 2002) . The regulatory loops are sustained by the so-called core circadian genes and proteins and require about 24h to complete a cycle (Pando and Sassone-Corsi 2002; Foulkes et al. 2016 ). In vertebrates, several genes have been reported to be responsible for the maintenance and regulation of the circadian system (Foulkes et al. 2016 ). The core circadian-genes belong to four main gene families: Cryptochromes (CRY), Period (PER), CLOCK, and BMAL (Pando and Sassone-Corsi 2002) . These gene families encompass several characterized genes (cry, per, bmal and clock) in vertebrates, and in fish several families possess a larger number of circadian paralogs as compared to other vertebrates (Toloza-Villalobos et al. 2015) . For instance, in zebrafish (Danio rerio), several genes have been identified: six cry (cry1aa, cry1ab, cry1ba, cry1bb, cry2, cry3), four per (per1a, per1b, per2, per3) , three bmal (bmal1a, bmal1b, bmal2), and three clock (clocka, clockb, clock2/npas2) (Wang 2008a; Wang 2008b; Wang 2009; C. Liu et al. 2015) . Cryptochrome genes encode for a class of flavoproteins that are sensitive to blue light (Lin and Todo 2005) , whereas period genes encode for proteins that also display a strong but differential light responsiveness (Pando et al. 2001; Vallone et al. 2004; Vatine et al. 2009 ). They were found to be key agents in the entrainment of the circadian system, as they are photoreceptors responsible for transducing light signals into the core circadian machinery, and constitute the negative elements of the system (i.e. repressors of transcription) (Tamai et al. 2007 ). BMAL (Brain and muscle ARNT like) and CLOCK (Circadian locomotor output cycle kaput) families encode for canonical circadian proteins, a highly conserved bHLH (basic-Helix-Loop-Helix)-PAS (Period-Aryl hydrocarbon receptor nuclear translocator-Single minded) transcriptional factors and are the positive elements of the circadian system (i.e. activators of transcription) (Pando and Sassone-Corsi 2002; Foulkes et al. 2016) . Importantly, in vertebrates the heterodimer CLOCK:BMAL binds to E-box enhancer elements in DNA to trigger transcription of target genes (Pando and Sassone-Corsi 2002; Foulkes et al. 2016) , including the negative elements of the network, per and cry genes (Nakahata et al. 2008) . In turn, the heterodimer PER:CRY interacts with the CLOCK:BMAL heterodimers to inhibit their function (Ishikawa et al. 2002; Pando and Sassone-Corsi 2002) . To complete the circadian regulatory network, further layers of regulation are provided by post-transcriptional and post-translational modifications (McClung 2011; Lim and Allada 2013) .
By sequencing the transcriptome of zebrafish exposed to light, two recent studies identified several genes whose expression depends on light, revealing a multi-level regulation of circadian rhythms by light-cycles (Weger et al. 2011; Ben-Moshe et al. 2014 ).
This gene expression light-dependence was also recently shown for the Atlantic cod Gadus morhua (Lazado et al. 2014) . The authors conclude that the molecular mechanism involves light-induced cry1aa and per2 that encode for negative core elements of the circadian transcription-translation loop, with CRY1AA acting as a direct inhibitor of CLOCK:BMAL activation via preventing heterodimer formation (Ishikawa et al. 2002; Tamai et al. 2007 ), while PER2 plays a more complex role as either transcriptional coactivator or corepressor depending on its transcriptional regulatory targets . Photoreception is particularly interesting in fish as, contrary to most vertebrates that only perceive light through the eyes, fish also possess a photosensitive pineal gland, dermal melanophores, and brain photoreceptors (Foulkes et al. 2016 ). In addition, fish possess independent peripheral photoreceptors and self-sustaining circadian oscillators, essentially in every tissue (Whitmore et al. 1998) .
Circadian rhythms can also be entrained by temperature (Liu et al. 1998; Tsuchiya et al. 2003; Lahiri et al. 2005; Chappuis et al. 2013; Jerônimo et al. 2017) . In mammals it was demonstrated that peripheral cells in vitro could sense the change of room temperature as a cue for entrainment of circadian system (Tsuchiya et al. 2003) . In zebrafish, temperature has also an important role in circadian clock (Lahiri et al. 2005; Jerônimo et al. 2017) , and it was proposed that temperature could entrain the phase of the system by driving expression levels of per3, and other clock genes (namely cry2 and cry1ba) via an alternative hypothetical enhancer upstream the E-box (Lahiri et al. 2005 ). In this model, per1b (formerly known as per4) promoter integrates temperature and light regulatory input from the E-boxes together with regulation by other temperature-driven elements (Lahiri et al. 2005) . In agreement with this hypothesis, in a study comparing transcriptome profiling of two freshwater fish species (Squalius carolitertii and S. torgalensis), Jesus et al. (2016) found two differentially expressed genes (cry1aa and per1a) between a control a thermal stress condition.
Subsequent studies with those genes reinforce the dependence on temperature for proper entrainment of the circadian system in these species by showing a response in expression of cry1aa and per1a genes in S. carolitertii when subjected to a simulated scenario of moderate climate change (Jesus et al. 2017) . Other studies connected the circadian system with stress response through a network involving heat-shock proteins (HSP) (Jerônimo et al. 2017 ).
When exposed to thermal stress organisms increase up to 10% the expression of HSPs (Söti et al. 2005) . This activation is related to heat-shock factors (HSFs) that bind regions in the DNA called heat-shock elements (HSE). In normal situations, HSP90 binds HSF1 and prevents its migration for the nucleus, but under thermal stress, these two proteins dissociate and HSF1 is free to migrate to the nucleus and bind to HSE sequence. This pathway can affect the expression of per2 in mammals as this gene possesses in its promoter a heatshock element (HSE) sequence (Kornmann et al. 2007; Tamaru et al. 2011; Chappuis et al. 2013 ). Other authors studying this same relation in zebrafish hypothesize that HSF1 activation is related to circadian regulation in at least two ways: (1) HSP activation improves the ability of the organism to deal with thermal stress, but HSP also interacts with BMAL1 to maintain the optimal function of the circadian system and (2) HSF1 activates other circadianrelated genes as per2 that may result in synchronization of the circadian machinery and maintain the outputs of the circadian system fully functional (Jerônimo et al. 2017 ). In the same work, Jerônimo et al. (2017) identified the channel TRPV1 (Transient receptor potential cation channel subfamily V member 1), a thermo-sensitive receptor, as an integrant part of zebrafish circadian rhythm by playing a role in heat-mediated hsp90 and per2 responses. By blocking the channel with a TRPV1 inhibitor, the authors demonstrated that even though hsp90 expression was unaffected, per2 expression was partially downregulated (Jerônimo et al. 2017) .
Several studies have been conducted to understand the circadian system at its different levels of organization. In fish, these studies are particularly interesting once it is a very diverse group of animals adapted to nearly all aquatic environments and possess a larger number of circadian paralogs as compared to the other vertebrates (Toloza-Villalobos et al. 2015) . Some of these studies cover the evolutionary relationships of the core-clock gene families and the mechanisms driving their molecular evolution (Wang 2008a; Wang 2008b; Wang 2009; C. Liu et al. 2015) , but several key questions still remain open, namely the reason for the higher number of paralogs in fish when compared to other vertebrates (Toloza-Villalobos et al. 2015) . Toloza-Villalobos et al. (2015) described the possible evolutionary history of circadian-related gene families and pointed to a possible event of subfunctionalization among per genes. Even though neofunctionalization has been a widely assumed fate for these duplicated circadian-related genes during evolution, functional analysis indicate that paralogs retain ancestral functions creating a redundant pool of circadian genes. Thus, it remains unclear what are the mechanisms driving molecular evolution in these gene families.
In the Iberian Peninsula, the genus Squalius Bonaparte, 1837 is represented in Portuguese rivers by four known species (S. carolitertii, S. pyrenaicus, S. torgalensis and S. aradensis) distributed across a latitudinal cline (supplementary fig. S2 ). S. carolitertii (Doadrio, 1988) inhabits the northern rivers of Portugal, S. pyrenaicus (Günther, 1868) occurs in the Central and Southern drainages (e.g. Tagus, Guadiana and Almargem), while sister species S. torgalensis and S. aradensis (Coelho et al., 1998) are confined to small basins in the Southwest of Portugal (e.g. Mira and Arade, respectively). This distribution gains special interest from an evolutionary perspective since Portugal is at the frontier between two contrasting climate types: the Atlantic in the Northern region that is characterized by mild temperatures, and the Mediterranean in the Southern region typified by high temperatures and droughts during summer periods (Pires et al. 1999; Mesquita and Coelho 2002; Mesquita et al. 2005; Henriques et al. 2010) . The photoperiod is also variable along this latitudinal cline, and typically daytime is longer in southern region of Portugal for about 15 minutes when compared to the northern region (supplementary table S1).
Moreover, these basins present differences in water pH, as southern basins are typically more alkaline than northern ones (supplementary table S1). These environmental differences associated with the distribution of Squalius species in Portugal make them an excellent model to study evolutionary adaptation to different environmental settings, and for studying adaptation of the circadian system to different environmental conditions of light and temperature.
Here, we present an integrative study on molecular evolution of circadian system in Portuguese Squalius species. To identify the genes involved in the core circadian system in these species, we compared previously published transcriptomes of S. carolitertii and S. torgalensis (Jesus et al. 2015) with transcriptomes of the reference organism Danio rerio (Weger et al. 2011; Ben-Moshe et al. 2014) . To assess the evolutionary history of the genes within each gene family identified in the Squalius species, we conducted phylogenetic analysis using predicted protein sequences. We also predicted patterns of protein-protein interactions to further investigate the function of duplicated genes and to provide insights on the fate of these duplications, specifically to detect signals of post-duplication diversification.
To detect signatures of molecular adaptation, we combined the use of sequence-based statistical tests to detect natural selection with analysis of functional features of the proteins that may be relevant in response to environmental differences in light, temperature and pH.
This allowed us to describe the mechanisms of adaptation of the circadian system in species from the genus Squalius to the environmental cline. This may help understanding the mechanisms of adaptation to environmental variability in other freshwater fish species.
RESULTS

Identification of core circadian gene families in Squalius species
To identify the genes involved in the central circadian system in Squalius species, we analysed previously published transcriptome data of S. torgalensis and S. carolitertii (Jesus et al. 2015 ) and compared it with light-induced zebrafish transcriptomes (Weger et al. 2011; Ben-Moshe et al. 2014) . From this comparison we identified four main gene families (Cryptochromes, Period, CLOCK and BMAL), involved in the main core of circadian system in the transcriptomes of S. torgalensis and S. carolitertii (supplementary table S2). Identified gene families correspond to those already described for other fish species (Wang 2008a; Wang 2008b; Wang 2009; C. Liu et al. 2015) . Identified genes were re-sequenced for S. torgalensis and S. carolitertii and sequenced de novo for S. pyrenaicus and S. aradensis.
Non-redundant sequences were deposited in the European Nucleotide Archive (ENA) under the accession numbers presented supplementary table S2.
To test if the identified genes corresponded to proteins involved in the circadian system, we used the predicted protein sequences to conduct an analysis of protein-protein interactions (PPI). This revealed that all proteins interact with other core circadian proteins (supplementary table S3 ). We also found proteins with interactions indirectly related with the core circadian system through circadian-dependent functions. All interactions found are summarized in supplementary table S3.
Evolutionary history of circadian-related gene families
To assess evolutionary history of gene families we conducted phylogenetic analysis independently for each family. To account for paralogous, we used Drosophila melanogaster protein as outgroup rather than the zebrafish (Danio rerio) but included zebrafish proteins (see supplementary table S4 for accession numbers). As detailed for each family below, all reconstructed phylogenies recovered the evolutionary relationships between paralogous as previously described in other fish species (Wang 2008a; Wang 2008b; Wang 2009; C. Liu et al. 2015) . For the CRY family, six cry genes encoding for six proteins were identified and clustered in three major groups (CRY1, CRY2 and CRY3) ( Figure 1A ). Among CRY1 group, four protein-coding genes were identified (cry1aa, cry1ab, cry1ba and cry1bb) based on the fact that they form monophyletic groups, clustering with the orthologous proteins from zebrafish. Using the same approach, for CRY2 and CRY3 groups we identified one proteincoding gene for each: cry2 and cry3, respectively. For the PER family, we identified four protein-coding genes, which encode proteins belonging to three different groups ( Figure 1B ). PER1 group comprises two proteins (PER1A and PER1B) corresponding to genes per1a and per1b, while PER2 and PER3 groups comprise a single protein each, encoded by the genes per2 and per3, respectively. For the CLOCK family, we identified three protein-coding genes belonging to two groups ( Figure 1C ). CLOCK1group encompasses two protein-coding genes (clocka and clockb) and CLOCK2 encompasses a single protein-coding gene, clock2. For the BMAL family we found three genes belonging to 2 different groups according to phylogenetic analysis ( Figure 1D ). BMAL1 group encompasses two protein-coding genes (bmal1a and bmal1b) and BMAL2 group is composed by a single protein-coding gene, bmal2. In sum, we found that sequences cluster with orthologs from zebrafish for all gene families, and that for each gene there is a monophyletic group including the four Squalius species.
Signatures of selection in circadian-related genes
To detect signatures of selection for each gene identified, we conducted several statistical tests based on dN/dS ratio. Out of sixteen genes, we detected positive selection in five using the gene-wide level test implemented in BUSTED (supplementary table S5), and in eight using the site-level analysis implemented in MEME to detect individual sites under positive selection (Table 1) . Among the genes with signatures of positive selection for at least one of the mentioned methods, we detected significant positive selection in at least one branch of the phylogeny in five of them, using a branch-based test implemented in aBSREL (supplementary table S6 ).
Overall, we did not find evidence of positive selection in cry genes with the gene-wide test (supplementary table S5), but at the site-level analysis we found sites with significant evidence of positive selection in cry1aa, cry2 and cry3 genes (Table 1) . For cry1aa, we inferred a positively selected site corresponding to a non-synonymous non-conservative mutation changing a lysine to a glutamine (K275Q) in the CRY1AA protein of S. torgalensis.
However, we did not find any evidence of positive selection in cry genes using the branch test (supplementary table S6). Among the PER genes, per1b, per2 and per3 displayed signals of gene-wide positive selection (supplementary table S5). Moreover, the site-level test indicated positive selection in all per genes at sites with non-conservative mutations (Table 1) . For per1b, the branch test indicated positive selection in the branch of S. torgalensis (supplementary table S6), which is likely correlated with the site T1256V, a mutation in S. torgalensis that was significant at the site-level test. For per2, the branch test indicated positive selection on the branches of S. torgalensis and S. aradensis, while for per3 only the branch of S. pyrenaicus from Almargem was significant (supplementary table S6).
Among clock genes, only clocka and clockb showed patterns consistent with gene-wide positive selection (supplementary table S5), but we did not find any sites under positive selection when applying the site-level tests ( Table 1 ). The branch test revealed significant positive selection in the branches of S. aradensis and S. pyrenaicus (Almargem) for clocka, while for clockb this was only found for the branch of S. carolitertii (supplementary table S6).
Among BMAL genes, bmal2 showed significant signals of gene-wide positive seletion (supplementary table S5 ). Only one individual site, also in bmal2, was significant in the sitelevel test of episodic positive selection (Table 1) . This site corresponds to a non-synonymous and non-conservative mutation from an arginine to a proline (R20P). However, the branchspecific test of positive selection did not detect any branch under selection for this gene (supplementary table S6).
We also tested for purifying selection by using the FEL statistical test to detect sites under negative selection. We found a considerable amount of conserved positions under negative selection, ranging from 2 sites in cry1ab to 59 sites in per2 (supplementary table S7).
Functional and structural analysis of circadian-related proteins
To assess whether signatures of selection have functional impacts relevant for these populations, we characterised proteins at different structural levels. Based on the primary structure, we inferred the aliphatic index (AI) and the theoretical isoelectric point (pI). These parameters were chosen due to their relationship with protein thermostability and environmental pH, respectively. Both factors have high biological relevance for the studied species, given that they live in habitats with different water pH and temperatures. While AI is defined as the relative volume occupied by aliphatic side chains (Ala, Val, Ile, Leu) and it is positively correlated with increased thermostability of globular proteins (Ikai 1980; Gasteiger et al. 2005) ; pI reflects the pH at which a protein has neutral net charge, and hence it is important for its solubility, subcellular localization, and potential interactions (Gasteiger et al. 2005; Kiraga et al. 2007; Khaldi and Shields 2011) .
Regarding the aliphatic index (AI), we found differences among Squalius species for all proteins except for BMAL1B. For CRY1AA, CRY1AB and PER1A we found that northern populations of S. carolitertii and S. pyrenaicus from Tagus presented higher values of AI, whereas for CRY3, PER2, PER3, CLOCKB and BMAL1A it was the southern populations that showed higher AI (supplementary table S8).
We found differences in the pI across Squalius species for most proteins, except for PER1B, CLOCKA, BMAL1A, BMAL1B (supplementary table S8 ). The pI values tended to be lower in southern populations of S. torgalensis, S. aradensis and S. pyrenaicus from Almargem (supplementary table S8), even though this was not the case for CRY1BA, CRY1BB, CRY3, PER3, CLOCKB, CLOCK2 and BMAL2.
We conducted a sequence-based analysis to assess for domain and/or motif location using HMM predictions. Th allowed us to map important sites of the proteins detected to be under positive and negative selection and assess whether they could structurally impact the proteins. As expected, sites detected to be under negative selection are located mainly in domain regions, highlighting the importance of these regions to the proper function of the protein; whereas positively selected sites are more widespread (Fig. 2) .
For CRY proteins, two common domains to all CRY proteins were found: the DNA photolyase domain and the FAD-binding domain. Both domains are responsible for binding chromophores and are of extreme importance for the activity of photoreception displayed by these proteins (Lin and Todo 2005) . Interestingly, the mutation Q96H in CRY3, which is on a site inferred to be under positive selection, was found to be located inside the DNA Photolyase domain (Fig. 2) . Except for CRY1AB, more than 60% of all negatively selected sites were found to be located inside functional domains of CRY proteins (supplementary table S7). We found two domains common to all PER proteins: Period-Arnt-Sim (PAS_3/PAS_11) domain and the Period protein 2/3C-terminal region. Additionally, PER1A, PER2 and PER3 present an additional PAS domain relatively conserved. PAS domains are of extreme importance for PER function as they serve for protein dimerization, but also display activity of photoreception (Ponting and Aravind 1997; Möglich et al. 2009 ). For both PER1A and PER1B, there were two mutations inferred to be under positive selection located inside functional domains, PAS and Period C-terminal, respectively. For PER2, except for mutations T514L and R697A, all sites detected to be under positive selection are located inside the functional domains. Mutation K429Y in PER3 was also found to be located inside the PAS domain of the protein. Approximately 20% of the negatively selected sites in PER proteins are located inside functional domains (supplementary table S7). For CLOCK and BMAL proteins, we found three domains conserved in all two proteins: two Period-Arnt-Sim (PAS fold and PAS_11) domain and the basic helix-loop-helix (bHLH). The bHLH is a protein structural motif that characterizes one of the largest families of dimerizing transcription factors and consists in a DNA-binding region. For CLOCK proteins, we also found a high proportion of negatively selected sites located in functional domains, specifically in CLOCKB (60%). For BMAL2 most sites under negative selection (69%) are in PAS domains.
DISCUSSION
Identification and in silico characterisation of circadian-related genes in Squalius species
We were able to identify sixteen genes belonging to the four core-circadian gene families, which are orthologous to genes described in D. rerio and other fish species (Wang 2008a; Wang 2008b; Wang 2009; C. Liu et al. 2015; Toloza-Villalobos et al. 2015) . We characterised the network of protein-protein interactions (PPI) that indicated all studied proteins have functions related to the vertebrate circadian system, as they interact with core circadian proteins (supplementary table S3 ). Interestingly, we found that most PER and CRY proteins of Squalius interact with BHLHe41 (basic helix-loop-helix family, member e41), a protein associated with biochemical pathways activated in response to cold temperatures, as previously observed in cold shock responses in zebrafish larvae (Hung et al. 2016) .
Moreover, studies using adult wild-type zebrafish organs in microarray characterizations have shown that expression of BHLHe41 presents circadian-dependant oscillations compatible with those observed for per genes . These findings support the interaction between PER proteins and BHLHe41 due to their co-expression patterns. We found that CRY2 interacts with HSF2 (heat-shock factor 2), a transcription factor involved in activation of heat-shock proteins (HSP) expression in conditions of thermal stress. This interaction supports other findings that connect the circadian system with the thermal-stress response via heat-shock proteins (Tamaru et al. 2011; Chappuis et al. 2013; Jerônimo et al. 2017 ). Altogether, our results reinforce that genes in circadian system are also involved in temperature response, in agreement with previous results obtained from gene expression measurements in D. rerio under controlled experimental conditions (e.g. Lahiri et al. 2005; Chappuis et al. 2013; Jerônimo et al. 2017 ). In addition, we found that BMAL1A, BMAL2 and CRY3 interact with NFIL3-5 (nuclear factor, interleukin 3-regulates, member 5), a protein involved in immune response, specifically in the activation of transcription from the interleukin-3 promoter in T-cells (Zhang et al. 1995) . Previous experiments in zebrafish larvae show that nfil3-5 gene is rhythmically expressed in a light-dependent way, an indication that this gene may be coordinated with the circadian rhythmicity Li et al. 2015) . This is consistent with the previously described link between the immune and circadian systems (Li et al. 2015) . We found interactions between CRY5 (cryptochrome 5) and CRY-DASH (cryptochrome DASH), two proteins putatively belonging to the cryptochrome family, but whose functions are related with UV-induced DNA damage response (Daiyasu et al. 2004; Selby and Sancar 2006) . Therefore, even though circadianrelated proteins retain their ancestral functions in Iberian Squalius fish species, the proteins we identified, as well as their interactions, suggest that they consist of a redundant pool of regulatory proteins, possibly as a consequence of selective pressures to maintain a robust circadian system. Still, we also detected diversification in functions that may have arisen to optimize important biological processes in space and time, synchronised with the circadian oscillation. For instance, the set of interactions in CRY, PER and BMAL proteins (supplementary table S3) involve circadian related proteins but also proteins with other biological functions. This could be due to events of subfunctionalization or gene dosage followed by neofunctionalization, i.e. resulting from natural selection to maintain the ancestral functions plus new function due to new mutations (Zhang 2003; He and Zhang 2005) .
Molecular evolution and positive selection within Squalius circadian-related genes
Phylogenetic relationships within each gene family revealed that the history of these duplications is conserved in Squalius species. History of the gene families associated with the circadian system reflects the whole genome duplication events during evolution of teleost fish, including posterior gene losses described for the various gene families as well (Toloza-Villalobos et al. 2015) . Phylogenies were investigated individually for each protein to assess whether relationships between the studied species recovered the previously described species tree topology based on a multi-locus phylogenetic analysis with other nuclear markers (Waap et al. 2011; Sousa-Santos et al. 2019 ). The previously described species tree showed two main clusters: i) S. aradensis and S. torgalensis; ii) S. pyrenaicus from Tagus clustering with S. carolitertii (Waap et al. 2011; Sousa-Santos et al. 2019) . Southern populations of S. pyrenaicus (Almargem and Guadiana) rendered paraphyletic to S.
carolitertii (Waap et al. 2011; Sousa-Santos et al. 2019 ).
In the present study, eight of the sixteen studied proteins presented a resolved phylogeny, but only for PER1A, PER2 and BMAL2 we recovered the topology consistent with the species tree mentioned above. Interestingly, for CRY1BA, our phylogeny recovered a topology with both populations of S. pyrenaicus as a monophyletic group, recovering the topology described for these species based on mitochondrial marker cytochrome b (Mesquita et al. 2007; Sousa-Santos et al. 2019) . Overall, the fact that genes show a phylogeny compatible with the species tree suggest that evolution of the mentioned protein-coding genes seems to have been at least partially influenced by the speciation events which is likely associated with the formation and geomorphological history of the basins inhabited by these species (e.g. Brito et al. 1997; Filipe et al. 2009; Sousa-Santos et al. 2019 ).
An example of a gene with a phylogeny recovering the species tree and evidence of positive selection is the PER2 protein, where the phylogeny recovered the species tree and we detected signatures of selection in both southwestern sister species S. aradensis and S. torgalensis. This protein was reported to have a role in response to UV radiation (supplementary table S2). Presently southwestern regions experience higher solar irradiance when compared to the northern region, and even slightly higher than south-eastern region (IPMA [ipma.pt (Portuguese Institute for Sea and Atmosphere); accessed in June 2018]; data not shown). In addition, PPI for PER2 (supplementary table S3 ) revealed an interaction with CRY-DASH protein, a cryptochrome-related protein strongly implied in UV-induced DNA damage repair (Daiyasu et al. 2004; Selby and Sancar 2006) . Thus, PER2 is very likely a key agent for dealing with stress introduced by intense radiation (e.g. Corrà et al. 2017) . Our results suggest that the changes observed in PER2 for southwestern Squalius species could be an adaptation to cope with increased UV radiation during the evolutionary history of these species. Additionally, PER2 could be used in the future as a potential molecular marker to assess radiation-induced stress in other species in order to understand responses to increasing UV radiation associated with climate change.
Interestingly, for CRY1AA, CRY1BB, CRY3, PER3 and CLOCKB, our inferred phylogenetic gene trees had two main clustering groups: i) S. carolitertii and S. pyrenaicus from Tagus; and ii) S. torgalensis, S. aradensis and S. pyrenaicus from Almargem. This topology is incongruent with the species tree but is consistent with a North-South distribution of environmental conditions of light and temperature where these species live (supplementary table S1). These incongruent gene trees can be due to incomplete lineage sorting of neutral mutations. However, as for some genes we found signatures of positive selection acting on these genes and branches, mostly in southern populations (Table 1,   supplementary table S6) , such neutral scenario is less likely. As previously mentioned, southern populations inhabit basins with a Mediterranean climate type, facing periods of overflowing during the winter, followed by severe periods of droughts in the summer, when habitable areas persist only in isolated deeper areas (Pires et al. 1999; Mesquita and Coelho 2002; Mesquita et al. 2005; Henriques et al. 2010 ).
The signals of molecular adaptation that we found in these southern species may thus be related to selective pressures imposed by these environmental conditions, which likely shaped the evolution of these genes. Nevertheless, convergent adaptive evolution can produce gene trees patterns that are incongruent with the species tree (Dávalos et al. 2012; Harms and Thornton 2013) . In fact, we found a possible pattern of convergence between S. aradensis and S. pyrenaicus from Almargem based on phylogenetic analysis (see below).
Functional and structural assessment of circadian-related proteins in Squalius
Our results of the protein functions indicate that there are significant differences between Squalius species, which seem related to differences in environmental variables along their species distribution.
Temperature is an environmental factor expected to impose strong selective pressures for protein thermostability, especially in ectothermic organisms. Thus, protein thermostability can be of extreme importance for species dealing either with extreme warm or cold environments. Higher protein thermostability can be achieved either by (i) increasing the aliphatic index AI of a protein (Ikai 1980; Gasteiger et al. 2005 ), (ii) by formation of stronger quaternary structures (Fraser et al. 2016 ), (iii) by increasing the strength of ionic interactions (Kumar et al. 2000) , or a combination of these mechanisms. Our results indicate that these three aspects might affect protein thermostability in Squalius. Proteins with an aliphatic index (AI) larger than 70 are considered highly thermostable, and we found such values for CRY and BMAL proteins. Interestingly, this higher AI was correlated with a high proportion of aliphatic amino acids that were conserved across species, which also showed signs of negative selection (supplementary table S7 ). The role of quaternary structure is exemplified by our results showing that for dimers CRY:PER and BMAL:CLOCK only one of the proteins needs to increase intrinsic thermostability to increase dimer stability (i.e. thermostability of PER and CLOCK proteins increases through the formation of quaternary structure rather than by increasing aliphatic index). Evidence for the role of ionic interactions comes from the pattern we found for PER3, CLOCKB, CLOCK2 and BMAL2, where southern species have a lower pI mostly due to the presence of extra charged amino acids, associated with formation of ionic bonding. Our results also indicate variation in protein thermostability across Squalius species related with differences in aliphatic index. For instance, we found a higher AI in northern populations for CRY1AA, CRY1AB, CRY1BA, PER1A, PER1B, CLOCKA, CLOCK2 and BMAL2 proteins and in the southern populations for CRY3, PER2, PER3, CLOCKB and BMAL1A. Interestingly, in PER2, this higher thermostability is associated with mutations under positive selection that lead to aliphatic amino acids (Table 1) . Although we cannot always reject neutrality based on dN/dS, these differences in protein thermostability across species could reflect differential selective pressures across the environmental gradient, either due to current warmer environments experienced in southern basins and/or past colder environments in the northern basins, which were more affected by Pleistocene glaciations (Schmitt 2007) . A clear example where we could reject neutrality is the PER1B. For this protein, we found signatures of positive selection for this gene in S. torgalensis, and physicochemical parameters revealed higher AI in this species, indicating that it has the most thermostable PER1B among Squalius species. In addition, several sites dispersed across per1b codons coding for aliphatic amino acids show evidence of negative selection, consistent with purifying selection for thermostability. This protein has shown to be important in integration of temperature and light cues within the circadian system (Lahiri et al. 2005) .
Thus, it is likely that these signatures of selection reflect adaptation to the specific conditions of the Mira basin, the only one inhabited by S. torgalensis (Henriques et al. 2010) . Even though the number of light hours per day and water temperature are similar to those experienced in other southern basis, Mira has a lower annual temperature variation when compared to Arade or Almargem (supplementary table S1). This may result from a higher overshadowing of rivers in Mira basin, when compared to other southern basins, caused by the presence of riparian and overhanging vegetation (Magalhães et al. 2002; Martelo et al. 2014 ). Density of riparian vegetation was shown to influence several aspects in the dynamics of the slow-flowing rivers, specifically water temperature, but also the irradiance reaching the water (Garner et al. 2017; Trimmel et al. 2018) . Thus, given that seasonal variation in water temperature is lower in Mira than other southern margins, we speculate that patterns of PER1B in S. torgalensis might reflect selection for fine tuning the temperature integration within the circadian rhythm.
Water pH is another factor that has been shown to influence several physiological aspects of fish, either at gene expression and other biochemical levels (e.g. Jesus et al. 2017; Xu et al. 2017; Jesus et al. 2018) . Thus, water pH my act as a selective pressure, specifically an increased alkalinity (i.e. higher pH), and consequent increased rate in protein precipitation, should favour mutations leading to decrease in isoelectric point (pI) values. In agreement with this hypothesis, in the species inhabiting southern basins with higher pH (supplementary table S1), we found a trend of lower pI values, associated with positively selected mutations (e.g. mutation T402D in PER2 - Table 1 ). An interesting example is the CRY1AA in S. torgalensis where we found that the lower values of pI can be correlated with the mutation K275Q, a site detected to be under positive selection. This mutation consists of a substitution of an uncharged for a positively charged amino acid with acid properties, leading to a decrease in the overall charge of the protein, and consequently a lower pI. Moreover, previous studies with S. torgalensis and S. carolitertii revealed that expression of cry1aa is affected either by water temperature and pH in these species (Jesus et al. 2017 ). Previous studies have been conducted in fish species to understand the effects of extreme water pH on the internal homeostasis of the organisms (e.g. Xu et al. 2013; Kavembe et al. 2015; Jesus et al. 2017; Xu et al. 2017; Jesus et al. 2018 ), but to our knowledge few studies related protein properties with changes in water pH (but see Jesus et al. 2017) .
It is well known several mutations can impact protein structure as certain amino acids present a propensity for specific structural arrangements (Chou and Fasman 1974) . We found mutations under positive selection inside and outside functional domains (Fig. 2) . For instance, mutation K275Q in CRY1AA from S. torgalensis is in a region between two functional domains (Fig. 2) , which could affect protein flexibility and inter-domain interaction.
We also found several examples of mutations under positive selection that are in functional domains and could lead to differences in protein structure (e.g. CRY3, PER1A, PER2, PER3). Another important positively selected mutation is the R20P in BMAL2 since proline behaves as a helix breaker, and the replacement of an arginine (R) by a proline (P) can potentially disrupt helix structures in this region (Chou and Fasman 1974; Barlow and Thornton 1988) .
Adaptive convergence in Squalius aradensis and Squalius pyrenaicus from similar environments
The phylogenies we inferred indicate that for 8 out of 16 proteins the best topology clusters together S. aradensis and S. pyrenaicus from Almargem. According to the species tree these two species belong to two highly divergent lineages (Sousa-Santos et al. 2019) , and hence this clustering is highly unlikely due to neutral incomplete lineage sorting. Instead, this suggests a scenario of evolutionary convergence of populations inhabiting similar environments. In fact, Almargem and Arade are two basins from the south of Portugal influenced by Mediterranean climate, facing very similar environmental conditions (e.g. average water temperature, water pH and photoperiod; supplementary table S1). This pattern of sequence convergence in these genes and proteins may thus be a consequence of convergent adaptation. The exception was the cry1bb we do not have support for convergence at any level except the phylogenetic, and therefore it would be explained by a scenario of incomplete lineage sorting. The convergence in the remaining genes and proteins matches the criteria for detecting evolutionary convergence proposed by Dávalos et al. (2012) , namely: (1) evidence from sequences of functional parts of genes; (2) clear link between gene function and ecological conditions; and (3) evidence that selection is acting on target genes at different rates from other lineages. We could confirm all the criteria for some genes, but for CRY1BB, BMAL1A and CLOCK2 we did not find evidence for signatures of selection based on dN/dS on the respective coding genes (criterium 1). Nevertheless, for BMAL1A and CLOCK2 proteins, the functional characterisation revealed similar physicochemical patterns in S. aradensis and S. pyrenaicus from Almargem, pointing to functional convergence. Clear evidence of adaptive convergence came from clocka, for which we found significant gene-wide positive selection and similar thermostability in S. aradensis and S. torgalensis (criterium 1), which can be associated with similar temperature, pH and light exposure (criterium 2). There were some cases where this was not so clear. For instance, for per3 we only found positive selection in S. pyrenaicus from Almargem, but protein characterisation revealed similar functions in S. aradensis and S. pyrenaicus from Almargem. For clockb we did not find significant signatures of positive selection in both species, but we found in S. carolitertii, and for per1b we found positive selection in S. torgalensis. However, protein characterisation showed possible functional modifications in both S. aradensis and S. pyrenaicus (Almargem). This might indicate that tests used to detect positive selection based on dN/dS did not have enough statistical power to find positively selected sites. In sum, combining tests of selection based on dN/dS and functional protein characterisation allowed us to detect patterns consistent with convergence between S. aradensis and S. pyrenaicus from Almargem. Scenarios of convergence have been described for other fish species at the morphological level (e.g. Muschick et al. 2012; Alter et al. 2015; Passow et al. 2017) , and at the molecular level (e.g. Protas et al. 2006; Nath et al. 2013; Natarajan et al. 2016; Zhu et al. 2018; Graham and McCracken 2019) . Moreover, light was shown to be an important determinant in two studies that detected molecular convergence in fish: (1) the evolution of albinism linked to the Oca2 gene in two independent populations of the cavefish Astyanax mexicanus (Protas et al. 2006) ; and (2) functional evolution of Rhodopsin proteins in several fish species (Yokoyama et al. 2008) . This last study also elucidated the need to assess functional features, as statistical tests of positive selection based on dN/dS can fail to detect convergence at molecular level. Here, we detected significant convergent evolution in freshwater fish in genes and proteins related to integration of visual and thermal stimuli within the circadian system, which are part of gene families with duplications.
CONCLUSION
This is the first study to extensively characterise the evolution of circadian-related gene families in non-model freshwater organisms. Moreover, it is the first study to provide clear insights on how the environment can shape the evolution of the circadian system, and how it can contribute to the process of adaptation to different environments.
We studied the four gene families involved in the core mechanism of the circadian system in four Portuguese Squalius freshwater fish. For this we integrated results from the application of statistical methods based on dN/dS ratio to detect signatures of selection acting on these genes with sequence-based protein analysis at different structural levels of organisation. Our results show that tests based on dN/dS might not be powerful enough to detect signatures of positive selection and convergence, even for cases where the characterization of protein function are compatible with adaptation to different environmental conditions and/or convergent evolution. This reinforces the idea that dN/dS tests should be complemented with other analyses, following an integrative approach including a sequencebased protein characterisation at their different structural levels of organisation.
For the first time, our findings support that not only historical factors, but also selection, drove the molecular evolution of the four studied species that live in different environmental conditions of light and temperature related with a gradient shaped by Atlantic and Mediterranean climate types. Moreover, we find evidence for adaptive convergence between the two southern populations of S. aradensis and S. pyrenaicus from Almargem, a pattern described for the first time. Our approach and findings can help exploring patterns found in other species, namely concerning the role of convergence, a process that can be more frequent than expected.
MATERIAL AND METHODS
Sampling
Muscle tissue from five wild adult fish of S. carolitertii and S. torgalensis species was available from previous work (Jesus et al. 2017 ) and stored at -80ºC in RNAlater® (Ambion, Austin, TX, USA). The adult fish were sampled in Portuguese basins of Mondego (40˚8'5.22"N; 8˚8'35.06"W) and Mira (37˚38'1.31"N; 8˚37'22.37"W), respectively (Jesus et al. 2017 ). Samples of S. pyrenaicus were also stored at -80ºC from previous projects. This work includes two sampling sites: Almargem (37°09'50.7"N; 7°37'13.2"W) (Machado et al. 2016) and Tagus (39°43'48.2"N; 7°45'38.1"W) . 
Identification of circadian system related genes in Iberian freshwater fish
Previously published transcriptome assemblies of S. torgalensis and S. carolitertii (Jesus et al. 2015) , were used to identify the genes related to the circadian system in the study species. To identify potential genes related to the circadian system we performed BLAST searches of both transcriptomes against two Danio rerio light-induced transcriptomes (Weger et al. 2011; Ben-Moshe et al. 2014) . To avoid retrieving paralogous or splicing isoforms we used a stringent e-value threshold of 1×10 -7 for the BLAST searches and kept only sequences with identity higher than 85%. As expected, the light-responsive genes that we identified using this procedure included several genes already characterised as components of the circadian system, but there were also several uncharacterised genes or genes unrelated to the circadian system. To further test that the identified genes were involved in the circadian system we performed a functional enrichment analysis using the list of top blast Danio rerio ENA accession numbers and the method implemented in DAVID functional annotation tool (Huang et al. 2007) . For all functional analyses performed in DAVID, we considered that an EASE score <0.05 indicated statistical significance, since this score provides a statistical test to examine the significance of gene-term enrichment with a modified Fisher's exact test. Through this methodology we were able to find enriched GO terms among the genes retrieved. The most significant enriched GO terms for Biological Process and Molecular Function were filtered, by removing all the genes whose function was unrelated to the circadian system, and among the circadian related genes a threshold for adjusted p-values (Benjamini) of 0.05 was used to remove false positives. From the final list of genes only protein-coding genes whose function was related to the core circadian mechanism were maintained for further analysis (supplementary table S2).
Gene sequencing and protein sequence prediction
Based on the sequences retrieved from the transcriptomes that matched core genes of the circadian system, we designed specific primers for Polymerase chain reactions (PCRs) using PerlPrimer software v.1.1.19 (Marshall 2004 ) (supplementary table S9) with the purpose of amplifying those same genes for all the studied species.
Total RNA was extracted from muscle samples of 25 individuals, 5 from each population.
RNA was used to facilitate gene sequencing since introns are avoided. 1 mL TRI Reagent (Ambion, Austin, TX, USA) was added to 50-100 mg of muscle samples and, after homogenization with Tissue Ruptor (Qiagen, Valencia, CA, USA), RNA was extracted according to the TRI Reagent manufacturers protocol. TURBO DNase (Ambion, Austin, TX, USA) was employed to degrade any remaining genomic DNA contaminants, followed by phenol/chloroform purification and LiCl precipitation (Cathala et al. 1983 ). Sample quality was checked using a NanoDrop™-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) based on the 260nm/280nm and 260nm/230nm absorbance ratios.
Samples concentration was determined with Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) to ensure enough quantity of homogeneous RNA for cDNA synthesis. Synthesis of cDNA was performed according to manufacturer's protocol using the RevertAid H Minus First Strand cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA), and it was stored subsequently at -20˚C until further use. PCRs were performed in 25 μL reactions containing 10-100 ng of cDNA, 2 mM MgCl2, 2 mM each dNTP, 10 μM each primer, Taq Polymerase (5 U/μL), and 1× Taq buffer using thermocycler conditions described in supplementary table S10. PCR products were confirmed using a 1% agarose gel electrophoresis, and after purification with ExoSAP-IT® PCR Product Cleanup (Affymetrix, Inc., Santa Clara, CA, USA), they were sequenced by Sanger sequencing. 
Phylogenetic analysis and molecular evolution
The most appropriate model for amino acid substitution for each data set was determined To find potential post-duplication diversification events among the proteins identified, we performed a sequence-based prediction of protein-protein interactions (PPI) using the online tool STRING v10.5 (von Mering et al. 2003; Szklarczyk et al. 2015 ; https://stringdb.org/cgi/input.pl accessed in August 2018), to identify potential new functions these proteins may have acquired outside the circadian system, based on their patterns of interaction. Interactors (i.e. proteins found to be interacting with those from our study) were predicted comparing Squalius predicted consensus protein sequences against Actinopterygii PPI databases (including D. rerio, Oryzias latipes, and Gasterosteus aculeatus) using a default threshold for score of 0.7.
Analysis of signatures of selection based on dN/dS
Signatures of selection were examined based on the dN/dS ratio (also known as the parameter ω) using four models implemented in HyPhy (Kosakovsky Pond et al. 2005) through the Datamonkey adaptive evolution webserver (Kosakovsky Pond & Frost 2005; Weaver et al. 2018 ; http://www.datamonkey.org/; accessed in August 2018), including (1) BUSTED (Branch-site Unrestricted Statistical Test for Episodic Diversification) ) that provides a gene-wide test for positive selection, i.e. it estimates one ω per gene;
(2) MEME (Mixed Effects Model of Evolution) (Murrell et al. 2012 ) a mixed-effects maximum likelihood approach to test the hypothesis that individual sites have been subject to positive selection, i.e. estimating variable ω among sites; (3) aBSREL (adaptive Branch-Site Random Effects Likelihood) (Kosakovsky Pond et al. 2011; Smith et al. 2015) for genes whose signals of positive selection were detected with BUSTED or MEME, to test for positive selection on particular branches of the gene tree, i.e. estimating different ω for different branches; and (4) FEL (Fixed Effects Likelihood) (Kosakovsky Pond and Frost 2005b) that uses a maximum likelihood approach to infer nonsynonymous (dN) and synonymous (dS) substitution rates on a per-site basis for a given coding alignment and corresponding phylogeny and tests the hypothesis that individual sites have been subject to negative selection.
Functional analysis and structural organisation of the predicted proteins
Homology methods available on several resources at the ExPASy Server (Gasteiger et al. 2005 ) were used to infer several properties of the predicted proteins from RNA sequences.
Specifically, physicochemical parameters of the proteins were predicted using ProtParam (Gasteiger et al. 2005) . Given the biological significance of factors related to temperature and pH, we estimated the aliphatic index (AI) and the isoelectric point (pI). We tested for differences in physicochemical parameters using several statistical tests implemented in R v.3.2.3 (R Core Team 2015). First, we checked for normality using the Shapiro-Wilk Test.
Due to lack of normality, we used a Kruskal-Wallis Rank Sum Test to identify overall statistical differences in parameters across the populations. When evidence for differences were found, we conducted pairwise Wilcoxon Rank Sum Tests to compare the different groups.
To assess further functional features, a sequence-based prediction of family assignment and sequence domains based on collections of Hidden-Markov Models to support the predictions (Eddy 1998; Eddy 2011) were accomplished using HMMER web server (Finn et al. 2011; Prakash et al. 2017; Potter et al. 2018) against Pfam database (Finn et al. 2016) .
Representative images of structural organization of domains and locations of sites under selection were created and edited with IBS, Illustrator for Biological Sequences (W. . Fig. 1 (a)   Fig. 1 (b)   Fig 1 (c)   Fig. 1 (d)   Fig. 2 
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